A. Issues and Information for Probabilistic Risk Assessment

During the operation of a nuclear power plant, conditions exist that alter the risk of operating the
facility. These eventsthat result in a change, where “change” can be either an increase or
decrease in risk, fall under three general categories. First, plant activities force certain
components to be incapable of performing their desired functions during operation. Examples of
these activities that incapacitate components include preventative maintenance and testing (both
scheduled activities), corrective repairs to failed components (an unscheduled activity), and
Technical Specification actions (these activities could be either scheduled or unscheduled).
Second, improper plant design or maintenance could result in an unintended reduction in plant or
component reliability, potentially over long periods of time. Examples of these reductionsin
plant reliability include faulty component design such as undersized valve motor operators and
insufficient fire-barrier protection or faulty component restoration and testing after a
maintenance activity. Third, initiating events that occur during operation cause challenges to
plant systems and operators. Examples of these events include losses of off-site power,

miscellaneous plant transients, and loss-of -coolant pipe breaks.

To address the risk of operation, the methodology of probabilistic risk assessment (PRA) has
been accepted in the nuclear power generation industry. In our analysis, we focuson Level 1
PRA to quantify sequences leading to core damage. Thisinvolves the determining events that
challenge plant operation (i.e., initiating events). Then, in response to the initiating events, the
plant response must be identified. Thisidentification is modeled through the use of fault trees
and event trees. From the fault trees and event trees, the accident sequences are obtained.

A.1.1 Traditional PRA Metrics

Current PRAs have evolved beyond the performance of analyses to the application of the results
to day-to-day operation of the facility. While the process of doing the PRA isimportant (in the
sense of providing value), of increasing importance is the reliance on the numerical results of the
PRA (Melnicoff, 1999; Holahan et. a, 1998; Cunningham et al., 1999). From the PRA, two
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primary metrics rise to dominate the risk-management (in the nuclear power generation industry)

scene:

1. Overall summary results such as core damage frequency (CDF) or core damage
probability (CDP)

2. Traditional importance measures such as Fussell-Vesely (F-V) or risk achievement worth

(RAW).

Regardless of the metric, the issue of context when obtaining and using PRA results isimportant.
Aswe have demonstrated through the formal decision making tools, the context of the decision
frames the evaluation and determination of decision outcomes. This point should be obvious
because the PRA and the decision models are utilized/constructed with knowledge of the
problem boundary conditions. Further, we have seen that the PRA provides a convenient
mechanism of “feeding” probabilistic information into the decision models. This information
transfer takes place primarily by using the CDP metric from the PRA in the decision model

chance nodes.

The subject of traditional PRA metrics would be incomplete without a discussion of importance
measures. While the topic of importance measures has been around almost since the onset of
guantitative methods in risk and reliability assessment, the use of importance measures has
become ubiquitous only within the last 15 years. Conversely, the use of CDF and CDP PRA
metrics has been present since the inception of formal risk and reliability studies, mainly because

these two metrics are natural numerical outcomes of the analysis.

Early work in the development of importance measures is best represented by the
IMPORTANCE code developed by Lambert in the early 1970s. (Lambert, 1975) Thisanaysis
tool built upon the theoretical devel opment completed by early pioneers such as Barlow,
Birnbaum, Fussell, Proschan, and Vesely (Modarres, 1993). The IMPORTANCE software
calculated results for eight different types of importance measures, ranging from F-V to
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Birnbaum to Barlow-Proschan metrics. While these (and others) are still in use within the risk

and reliability community, we will focus on the two most popular metrics, F-V and RAW.!

F-V represents the fraction of the total system failure probability containing an event of interest.
Or, aternatively, F-V is “the probability that event i is contributing to system failure, given that
system failure occurred” (Henley and Kumamoto, 1981). Historically, the value of F-V for the
i’th basic event has been found by either (a) summing the minimal cut sets containing thei’th
event and dividing by the total (of all the minimal cut sets) or (b) summing the minimal cut sets
that do not contain thei’th event, dividing by the total, and then subtracting this quantity from
unity. These two methods are shown below:

F-Vi = Qi/ Qrota (A-1)

1 - (Q/ Qrotar) (A-2)

where Q; is the summation of the minimal cut sets containing event i, Qiota 1S the summation of
all of the minimal cut sets, and Q; is the summation of the minimal cuts that do not contain event
i. Note that, in practice, software tools do not sum minimal cut sets. Instead, a generally
accepted techniqueisto either evaluate the set of minimal cut sets using the “minimal cut set

upper-bound approximation” or to calculate the set probability exactly.

The RAW importance measure represents the increase in risk (or reliability) conditional upon
event i having afailure probability of one. Theincreasein risk (or reliability) inthiscaseis
relative to the nominal risk (or reliability). Thus, the resulting RAW has traditionally been found

by

RAWI = Qi=1/ Qtota (A-3)

1 A third metric, the “risk reduction worth” importance measure, is used frequently in modern
risk or reliability assessments. This measure provides the same rank ordering as found by the F-
V measure. Assuch, it will not be discussed.
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where Qi=1 isthe summation of al the minimal cut sets where the i’ th event’ s probability is set to
avalue of one and Qqta 1S the summation of all of the minimal cut sets (at their nominal
probability values).

These importance measures (F-V and RAW) have been presented, discussed, and computerized
in numerous texts, articles, and software packages since their discovery. Since F-V and RAW
are deceptively simple computationally, it would be natural to assume that their use and meaning
in conjunction with “real” PRA models would also be ssmple. Unfortunately, this ease of use or
understanding has not been realized. One would like to be able to use these simple summary
metrics from the PRA to guide decision-making appropriately in contexts such as the
determination of “important” plant components, where here the term “important” implies a
significance to either plant safety or risk. As others have stated (possibly understated), “ The
identification and categorization of the safety-significant SSCsis not straightforward.” (Cheok,
Parry, and Sherry, 1998)

In general, there are many ways to quantify minimal cut sets. But, in PRA, it is standard to use

one of three methods, which include

1 Rare event approximation. — This cal culation approximates the probability of the union of

minimal cut sets. The equation for the rare event approximation is.

P=>C (A-4)

where P isthe probability of interest, C; isthe probability of thei'th cut set, and misthe

total number of cut sets.

2. Minimal cut set upper bound — This cal cul ation approximates the probability of the union
of minimal cut sets. The equation for the minimal cut set upper bound is
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P=1- ﬁ 1-C) (A-5)
i=1

where P isthe probability of interest, C; isthe probability of thei'th cut set, and misthe
total number of cut sets. Note (1) that the capital pi symbol implies multiplication and
(2) most PRA tools utilize this equation as the default method of quantification.

Exact — There are various methods of determining the exact probability given a set of cut
sets. One common approach is commonly referred by the name "inclusion-exclusion”

while a second approach utilizes binary decision diagrams.

The inclusion-exclusion rule works by obtaining various combinations of the minimal cut
sets to form higher-order sets. Then, one finds the probability from the "first order” set
(which are just the cut sets you started with). From this value, you subtract the
probability from the "second order” set. From this value you add the probability from the
"third order" set. From this value you subtract the probability from the "fourth order” set,
etc., with as many passes as you have cut sets.

Note, when there are many cut sets, the exact probability calculation performed in this

fashion may be impossible to compute.

A.2 PRA Calculation Needs for the Decision Analysis Prototype

The incident management prototype will use decision models to provide the quantification

method for ranking decision options. As part of this analysis, the PRA will need to provide input

where applicable. Two primary methods of incorporating the PRA is through (1) the decision

nodes by suggesting decision alternatives or important decision points and (2) the chance nodes

by providing conditional probabilities related to plant operation.

The PRA normally provides a*“ core damage frequency.” This metric isthe rate at which core

damage events appear and is usually measured on a per year basis. The decision model,
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however, dealsin conditional probabilities, not frequencies. Consequently, one must translate
the frequency to an applicable probability, which implies that one must know the time period
over which the frequency is defined. The equation that will translate the rate into the desired
probability is:

P(event | conditions) =1 —exp(-AT) OA T (A-6)

where A isthe conditional core damage frequency and T isthe mission time (i.e., the time of
interest). This equation assumes that the event of core damage is a Poisson process with constant
rate. Thus, the probability that we require from the PRA is both “time conditiona” (viathe
mission time parameter) and “configuration conditiona” (viathe conditions specified with

calculating the core damage frequency).

Incidents involving an initiating event are complicated by the fact that the initiator actualy
happened. Of course, any components or systems that are inoperable at the time the initiator
occurs will increase the overal risk of the event. The PRA would need to be adjusted by setting
the specific initiator that occurred to a probability of one and the other initiators to zero. For this
situation, the risk that is estimated by the PRA islike a“risk spike” for the event since the
initiator actually happened (as opposed to its average frequency as nominally modeled). Figure
A-1illustrates the concept of arisk spike for aninitiating event. In thisfigure, the horizonta
axis tracks the time during the plant operation when the risk spike occurred. The “risk” or
vertical axis measures the conditional core damage hazard rate, which is the product of the
initiating event rate [A(t)] and the conditional probability of core damage given the initiating
event [@(t)]. Thisconditional core damage could be used to calculate a conditional core damage

probability that would be fed into our decision model.
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Figure A-1. A risk “spike” as measured by the PRA conditional upon an initiator occurring.

For incidents where an initiator does not occur (which are the majority of the events), the plant
risk arises due to a component or system (or more than one) being inoperable for a certain length
of time. Figure A-2illustrates the risk increase that can be estimated over the duration of time.
Again, the horizontal axisis operational time and shows the start and stop of the particular
condition being evaluated. The “risk” or vertical axis measures the conditional core damage

hazard rate, which isthe product of the initiating event rate [A(t)] and the conditional probability

of core damage given the initiating event [¢(t)].
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Figure A-2. Risk over alength of time as measured by the PRA conditional upon afailure.

If we integrate over the area of the curve shown in Figure A-2, then we would have a cumulative
core damage probability (CDP). The cumulative CDP would give an estimate of the risk

experienced over some length of time.

A.3 PRA Shortcomings that may Impact Decision Analysis

To calculate any PRA metric, onetypically generates minimal cut sets representing CDF from
the PRA. Generation of these cut setsis arelatively simple task (once the models are
constructed) for modern software tools. However, once the CDF cut sets are used for the metric
determination, the analysis becomes complicated. To address these complications, the focusin

this section will be on the areas of:
1 The context surrounding PRA metric calculations.

2. The adjustments to the PRA model that are required when performing a conditional

evauation.
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3. The limitations that are posed by the PRA model or software when performing non-
nominal calculations.

4, The uncertainty that isinherent in the PRA metric calculations.

A.3.1 Context when Calculating PRA Metrics

At ahigh level, there are only two “contexts’ that need to be discussed when evaluating the topic
of the calculation and use of PRA metrics. First, there is the context related directly to the PRA
model itself. This context consists of the assumptions or boundary conditions that are implicit
inthe PRA. Second, there is the context related to the desired use of the resultant PRA metrics.
In other words, the context refersto (1) which PRA measures (if any) are applicableto a
particular decision and (2) why they are applicable.

The first type of context related to the development of the PRA isimportant. The issues of PRA
construction, standards for such construction, and the resulting PRA quality (possibly measured
by the model uncertainty, another type of epistemic uncertainty) are all crucial. For example,
many PRAs model standby components via a basic event with a demand failure probability
rather than with a standby failure rate (and “test interval™) and subsequent demand failure
probability. This modeling approach simplifies the PRA but ultimately makes it more difficult to
use when evaluating issues that may encroach on test intervals for standby components.

Toillustrate this issue of standby components further, et uslook at a specific case. For the
situation where two standby components arein parallel, the cut set representing failure of the
components would look like A * B, where A is the first standby component and B is the second

standby component. For an individual component (say for A), its average unavailability is:

P(A)= (U2) Aa T (A-7)
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where A isthe standby failure rate and T isthe test interval. So, now the minimal cut set would
be evaluated as the product of A and B, or

P(system) = (12 A T)(U2Ag T) = (1/4) AaAg T2 (A-8)

The actual P(system) must be evaluated by integrating over the test interval. When one does
this, it can be shown that the probability should be:

P(system, exact) = (U3) Aa A T? (A-9)

Further, note that the probability is the unavailability over asingle test interval. For incidents
where the time period is portions of atest interval, the cal culation becomes more difficult since

the integration would need to be over non-integer intervals.

The second type of context, related to the proposed use of PRA metrics, is also of interest.
Historically, the method of calculating PRA metrics receives much greater attention than the end
use of the metrics themselves. For example, in the U.S. Code of Federal Regulations governing
nuclear power plant operation related to implementation of the Maintenance Rule, the
prescription guidance is focused mainly on measures such as F-V and RAW. Use of these

measures may be questioned, including

1 Why are the F-V and RAW importance measures adequate to capture “risk significant”

components?

2. Could there be situations where the prescribed thresholds of F-V > 0.005 and RAW > 2
be inadequate? Why are these threshol ds adequate to begin with?

3. What determination should be made if a component’s RAW uncertainty distribution is
partly above and partly below avalue of 2?
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4, Isthe calculation for RAW too draconian since it changes a component’s nominal failure
probability to avalue of 1.0?

Regulators typically focus on critical incidents after establishing a baseline for public health and
safety. For example, inthe U.S., both the EPA and the NRC have penalty systems in place that
utilize an escalating fine (i.e., an economic loss) as a disincentive for jeopardizing safety.
Situations involving willful misconduct can result in large penalties. Conversely, negligible (but
positive) impacts to public safety are accepted as a part of operation. This *degree effect”
implies then that regulatory agencies may not worry about small changes in items such as

component failure rates or probabilities.

A part of the PRA context issue is the matter of determining which eventsto model and which
eventsto leave out. As part of the incident advisor prototype, one of thefirst stepsin the process
isto determine whether or not the component of interest isin the PRA. If the component is not
directly in the PRA, one must decide whether a surrogate component isin the PRA. In this

section, we discuss this process of querying the PRA for the component or surrogate component.

Traditionally, componentsin a PRA are represented by one or more basic events. For example, a
diesel generator may be modeled by fails-to-run, fails-to-start, and maintenance events. Further,
these basic events follow awell-defined nomenclature for the event name, thereby facilitating
their use. Consequently, it should be relatively ssmple to determine if a component is directly
modeled in the PRA. Toward this end, the prototype will provide mechanisms to search and
subdivide lists of basic events.

The issue of finding surrogate components (if applicable) is of greater interest though. A nuclear
power plant has, as arough estimate, over 50,000 components. But, modern PRA typically
model between 1,000-4,000 basic events. Consequently, the number of components directly
modeled in the PRA is substantially less than that in the plant itself. So, aquestion arises asto
“where did these components go?’ Aswe will demonstrate via an example, these “missing”
components are either (1) subsumed by other components or (2) are omitted from the PRA
model. An example of acomponent that is subsumed in the PRA includes al of the components
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making up the diesel generator. A diesel generator consists of hundreds of parts, yet the PRA
only includes a handful of basic events representing failure of this“component.” An example of
a component omitted from the PRA includes many of the passive (e.g., piping, wiring)
components prevalent at the plant. Many times these components are omitted because they
(nominally) play asmall part in the overall plant risk or are risk-dominated by other, related

components.

A.3.2 Adjustments Required When Using a PRA

PRA metrics of CDP, F-V, and RAW al rely on the existence of knowing the CDF (e.g., see
Equations A-1 and A-2). It isimportant to note that these base-line metrics are predicated upon
"nomina” plant conditions. In other words, the cut sets that come out of our PRA assume that
components are not failed, but instead have some average failure probability over the period of
interest. Unfortunately, for decision analysis, the analyst may have to face the situation where a
non-nominal condition is encountered. Examples of these non-nominal conditions include the
assumption of afailed basic event for the RAW calculation and a CDP cal culation conditional
upon an initiating event occurring. These non-nominal conditions complicate the metric
calculation since the PRA will have to be adjusted or modified specifically to account for the
new contextual information. The main complications that arise when using a PRA are:

1. Determining the appropriate nonrecovery probabilities to be applied as a boundary
condition to the PRA model.

2. Adjusting common-cause failure probabilities specific to the plant configuration

represented by the boundary condition.

3. Adjusting the default plant line-up configuration to represent the actual mode of

component/system operation.

Nuclear power plant PRAs include basic events representing failure of an operator or other plant
personnel to repair or recover an inoperable component. These basic events are called “recovery

256



actions” and are quantified by determining a probability for the operator to fail to recover an
inoperable component. In the PRA model for the nominal case, these recovery actions are
intended to cover the general situation of a component failing at any time during the mission
time defined for the analysis. Consequently, the nonrecovery probability isan “average” type of

value and is not specific to a particular component failure.

Common cause failure is an important part of most PRAs. Modern PRAS contain basic events
representing common-cause failure for a set (i.e., two, three, or four) of redundant components.
For example, if three motor driven pumps are in parallel, and failure of all three pumpsis
required to fail the entire pumping system, then a common-cause basic event would appear in the
fault tree model and would represent failure of all three pumps due to some common failure
mechanism. Further, this common-cause basic event may be quantified by use of one of the
typical parametric common-cause models such as the multiple Greek letter model or alpha-factor
methods. Assuming that this event were quantified with the multiple Greek letter model, the
basic event probability would be quantified using an equation like:

P(common-cause | three components) = Q; By (A-10)

where Q isthetotal failure probability of an individual component, 3 is the conditional
probability that the cause of the first component failure will be shared by at least one other
redundant component, and y is the conditional probability that the cause of the first component

failure will be shared by at |least two other redundant components.

The quantification of the base-line common-cause failure probability is applicable only for the
nominal case. During the calculation of arisk metric, additional information is known about the
configuration of the plant that could invalidate the nominal common-cause probability. For
example, in the RAW calculation, the RAW calculation for one of the three redundant
components assumes that the component has failed. Traditionally for importance measures like
RAW, the common-cause event related to failure of the i'th basic event was not adjusted at the

same time the i'th event is set to a probability of one. If only one of the three components has
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failed, it is not correct to have a contribution to CDF representing failure of all three components.

After failure of one redundant component, only two more components are needed to fail.

One must then consider the size of the possible error if the calculation is not exact for metrics
such as RAW. It has been discussed that the error in CDF could be significant. (Smith, 1998)
The magnitude of the potential error will depend on the structure of the PRA model and the
probabilities of the common-cause parameters.

On the surface, a nuclear power plant PRA model consists of a set of event trees (representing
accident sequences), associated fault trees (representing system failures), and basic events
(representing component failures). Because a nuclear power plant isacomplicated system for
the purpose of power generation, it follows that models capturing the risk of such afacility will
also be correspondingly complicated. The result of this complication in modeling is that while
the high-level parts of the PRA (e.g., fault and event trees) model appear straightforward, the
manner in which the pieces of the PRA interact is quite complex. Consequently, the assumptions
and context embedded in the PRA sometimes become quite complex, especially for non-trivial
situation like aloss of offsite power. While modern PRA software tools have helped the analyst
manage the context of a PRA, the fact is that having effective tools to manage the pieces of a
PRA has resulted in even more complex, intertwined models. Many PRA models have
progressed to the point where a specialized “PRA programming language” is used to take
preliminary results through a processing stage before finalizing the results. In addition, one
should not forget that the results of these complex models are used to manage risk through
decision making.

Historically, researchersin the fields of risk and reliability analysis have found and discussed
pitfalls that abound when performing PRA types of calculations. The issues that have been
revealed are, for the most part, still relevant today when using PRA models. Whileit is not
possible to cover al potential areas of PRA analysis that complicate metric calculations, several

additional issues deserve mention.
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1. Because only afinite number of CDF minimal cut sets can be found (and stored), PRA
analysis requires the use of afrequency truncation level. Thistruncation level, where
minimal cut sets below the level are discarded, affects al PRA metrics.

2. When evaluating afailure condition in a PRA, one or more relevant basic events are set
to afailed condition. Because the PRA isaBoolean equation, one could evaluate the
failure condition using either logic (i.e., TRUE) or probability (i.e., probability equal to
one). Unfortunately, the use of the logic approach versus the probability approach could

yield adifferencein results.

3. The PRA is constructed assuming that components arein a"nominal” state. Using the
PRA to represent non-nominal conditions raises the possibility that assumptions and
context used to construct the logic models in the PRA will not be valid for a particular
case. Examples of thislimitation include assumptions to safety-system train alignment,
standby status of components, and accessibility of components.

4, The correct calculation for the F-V measure relies on the ability to determine
probabilities for sets of interest. For example, if one were interested in the F-V for event
X from the Surry-1150 PRA, one must determine — from the set of minimal cut sets—
which sets (in probability space) in which the event X reside. Note that the traditional
calculation for F-V shown in Equation A-1 does not look at sets of events. Instead, this
simplistic calculation approximates the exact calculation.

The calculation for the F-V measure, as shown in Equation A-1, is hindered because it focuses
on minimal cut sets rather than sets of events. When the intersection (i.e., the “overlap”) of sets
becomes large (larger than 0.1), the ssimplistic calculation embodied by Equation A-1 simply
does not work. Instead, one must return to the setsin probability space —where a set represents a
minimal cut set —to evaluate the percent contribution of a set (or sets) to the overall area of al
sets representing failure. Unfortunately, the correct calculation is difficult, and, consequently,
modern PRA software tools do not perform the calculation. We will demonstrate this calculation

by way of asimple example.
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Assume that the PRA result is given by two sets, A and B. These two sets represent two minimal
cut sets, where set A contains basic event X (afailure event) and basic event Y (also afailure
event). Thus, A O X n Y. Then, for the second set, it consists of events X and Z,orB 0 X n Z.
For the overall PRA results, failure occurs when either set A occurs or set B occurs. The

resulting minimal cut sets from the PRA software would then look like

PRASX Y + X Z (A-11)

We can quantify the PRA probability by using any standard quantification method including the
rare event approximation, the minimal cut set upper-bound approximation, or the exact
probability quantification. If we choose to perform the quantification exactly, multiple methods
are available to perform the quantification. For example, we could use the “inclusion-exclusion”
technique, binary decision diagrams, or the structure function for the minimal cut sets. Let us

utilize the third approach (structure function):

S(PRA)

1-(1-XY)(1-XZ)
1-(1-XZ-XY+XYX2)
XZ+XY-XYZ (2-9)

where S indicates the structure function of the minimal cut sets. To find the probability of the
PRA results once we have the structure function, one only needs to insert the event probabilities
into the equation and solve. Let us assume that the probabilities used in the PRA are:

PX) = 0.2
P(Y) = 05 (A-12)
PZ) = 07

We can use the probabilities above to find:

P(PRA) = 017 (A-13)
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Now, we can determine the F-V measures for events X, Y, and Z using the traditional calculation
shown in Equation A-2. Recall that the calculation for F-V is given by:

F-Vi = 1-(Q/ Qo) (A-2)

where Qiotal 1S the summation of all of the minimal cut sets and Qj is the summation of the
minimal cuts that do not contain event i. For example, the F-V for event Y would be given as:

FVy = 1-[P(X2)/017] = 1 -[02x0.7/0.17] = 0.18 (A-14)

It can be shown that F-Vx = 1.0 and F-Vz = 0.41. While at first glance these values for F-V may
appear correct, they are really incorrect. The reason for the error liesin treatment of the Qj term.
In genera, Qj is supposed to represent either the risk or reliability portion that does not contain
faillure of eventj. The PRA isreally givenin terms of sets, specifically sets A and B. These sets
areillustrated in Figure A-3 through a Venn diagram.

AB

AB

I

Figure A-3. Venn diagram illustrating events A and B.
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Note that, in the Venn diagram, there are three areas of interest. The far left area represents the
set A and not B. The middle set represents set A and set B. The set on the far right represents
set not A and set B. Intheincorrect F-V calculation, the term P(X Z) is analogous to the set B,
but set B consists of two parts, A B or (not A) B. TheareaA B containsevent Y. Consequently,
the F-V calculation should discard this portion of B during the calculation, but it does not since
most PRA tools deal with cut sets, not sets. Thus, the correct calculation of F-V can be found by
evaluating the areas (i.e., probabilities) of the sets of interest. This calculation will be

demonstrated using the sets and basic events from the example above.

PRA (area)

A/B+AB+/AB

XY(X+/Z)+XYZ+(X+IY)XZ

XYIX +XYIZ+XYZ+IXXZ+IYXZ (A-15)
XY/IZ+XYZ+XIYZ

where an “/” indicates a complement
Now, the F-V measure for Y can be found by determining all sets containing failure of Y and

then dividing this area by the total failure set area. Specifically, this calculation yields:

FVy = [XY/Z+XYZ]/[XYIZ+XYZ+XIYZ]
[ 0.2%0.5%0.3 + 0.2x0.5x0.7 ] / [ 0.2x0.5x0.3 + 0.2x0.5x0.7 + 0.2x0.5x0.7]  (A-16)
[01]/[0.17]

0.59

Further, it can be shown that the correct F-V for events X and Z are:

T
<

X
n

1.0
F-V, = 082 (A-17)
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To summarize the issue with the F-V calculation being incorrect, we show the resultsin Table 1
for the ssmple example that was evaluated. Note that as the probability values for individual
events decrease the incorrect F-V cal cul ation approaches the exact calculation.

Table 1. Comparison of the correct F-V calculation with that used in typical PRA software.

Event Correct F-V Incorrect F-V
X 1.0 1.0

Y 0.59 0.18

z 0.82 0.41

The other importance measures suffer from their own limitations also. To illustrate an issue
related to RAW, let uslook at a ssmple model for atwo train low pressure injection system:. The
equation representing system failure looks like:

SYS=A* B+ CCF AB (A-18)

where A isindependent failure of the A pump, B isindependent failure of the B pump, and

CCF_AB is common-cause failure of both pumps.

The probabilities that we have are: P(A) = P(B) = 0.002; 3 = 0.10. We can evauate the system
failure probability to find:

P(SY'S | nominal)= P(A) P(B) + P(CCF_AB) = 0.002*0.002 + 2E-4 = 2.04E-4

P(SYS| 1 pump failure, potential common-cause) = 1.0*0.002 + [ =0.002 + 0.10 = 0.102

P(SYS| 1 pump failure, independent failure) = 1.0*0.002 + 0.0 = 0.002
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As can be seen, failures of redundant components affect the system failure probability. But, the
extent to the change in probability is dependent on the type of component failure. For example,
in the case where one component fails, the system failure probability varies from 0.102 (for a

potential common-cause failure) to 0.002 (for an independent failure).

If we look at the importance measure given by the RAW, we see:

RAW(i’th component) = P(SY S | i’th component failed) / P(SY S | nominal)

Now, no onereally calculatesa RAW for the two types of failures we are talking about (potential
common-cause and independent). Further, most PRA software packages do not adjust the
common-cause basic event related to the i’ th component event when calculating RAW. So, let

us look at these calculations.

RAW(A)ccr = P(SYS | A component failed due to common-cause) / P(SY S | nominal)
=0.107/ 2.04E-4
=525

RAW(A)no =P(SYS| A component failed due to independent) / P(SY S | nominal)
=0.002/ 2.04E-4
=9.8

RAW/(A)no ccr agiusment= P(SY S | A component failed) / P(SY S | nominal)
=0.0022/ 2.04E-4
=108

As can be seen from the results, the traditional (no adjustment) RAW calculation slightly
overestimates (10.8 > 9.8) the RAW for independent failed components (in this example). But,
the traditional RAW calculation can be a non-conservative estimate (10.8 << 525) for failure of
component A if thisfailureis potentially of common-cause type. Other metrics such as adelta
CDF will suffer from the “adjustment” problem.
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A.3.3 Dynamic PRA for Accident Management

Accident management deals with a dynamic process. transient events in nuclear power plants
involve complex interaction between the reactor core, primary loop, balance of the plant,
emergency safeguards systems, and operator activities.. Traditional static PRA event trees are

poorly suited to describe such atemporal evolution of events.

M ethodol ogies based on dynamic PRA have been viewed as a natural step towards amore
comprehensive way of evaluating Emergency Operating Procedures. The term “dynamic PRA”
isused for avariety of methodologies, but essentially refers to modifications of the structure of
the classical PRA to account for time-dependent effects (Hsueh and Mosleh, 1996). Dynamic
effects can be grouped into two categories. long term effects (such as aging, environmenta
variations, plant design changes) and short time effects (such as time dependency of physical
processes, time dependency of stochastic processes, operator response times). The events

occurring during an accident pertains undoubtedly to the second category, short time effects.

Features of a dynamic PRA are the following:

1. Event sequences are represented by a“forward” branching tree where branching occurs

in time, and therefore timeis an explicit parameter of the model.

2. Branching times occur when an important characteristic of the system changes.

3. Event sequences are generated based on the rules describing the behavior of the various
elements of the integrated model of the plant.

The event trees that result from such analyses are called Dynamic Event Trees (DETS).

Depending on whether time is treated as a continuous or discrete variable, we will be dealing
with continuous DETs or discrete DETs. An example of the application of discrete DETsisthe
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integrated safety assessment methodology which merges PRA and accident analysis techniques
replacing the static event trees with dynamic ones (Sanchez and Melara, 1996).

Dynamic modeling of the plant behavior is not a simple task and adequate computer software
must be developed. Nonetheless, the incident management prototype takes advantage of select
facets of these genera dynamic methods. For example, we utilize a simulation framework that
has the ability to trace a sequence of events until an measurable outcomeis realized.
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B. XML Schema Definition for Probabilistic Risk Assessment

The purpose of this appendix is to provide an XML-based schema definition for the storage of
PRA model information. The proposed definition captures the critical portions of a PRA model
in aformat following the XML specification defined by the World Wide Web Consortium
(W3C). Specifically, we utilize the version 1.0 W3C format, as defined at:

http://www.w3.org/ TR/REC-xml

XML issimilar to the more familiar HTML in that tags — as defined by < > indicators —
segregate information into individual groups. We utilize this feature to define the primary
information related to PRA models. The XML structure is shown in Table B-1. While aimost

self-explanatory, comments are provide via the comment tag <!-- -->.

In general, our XML PRA specification addresses three entities, components, systems, and
sequences. From the definition provided in Table B-1, it is possible (given the proper “back

end” algorithm) to determine component failure probabilities related to various failure modes,
plot graphical fault trees for the systems, plot graphical event trees for the accident sequences,
generate minimal cut sets, and determine the epistemic uncertainy for the minimal cut sets. This
XML PRA framework serves as a mechanism for information sharing between different analysis
modules (for example, from one PRA tool to another) and as a meansto import PRA information

into the incident management prototype.

Within the XML scheme, some attributes can take on one of many options. For example, within
the attribute tag, the “id” for the tag can identify different types of textual attributes, including
the component train, failure mode, system, location, etc. When an attribute has mullitple
options, they will be seperated by a“|” symbol. Also, when a particular tag has been defined
once, subsequent use of the same tag will just show the abbreviated version of the tag.
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TableB-1. The XML PRA schemadefinition and structure.

<?xm version="1.0"7?>

<pra>
<title>
The project description.
</title>
<conponent i d="Conponent _1">
<title>
Conponent 1 description
</title>
<t ext>
Extra textual information. This section could include HTM. and
RTF formatted text.
</text>
<attribute id="train | failure_node | system| location | cost | weight">

Attribute text
</attribute>

<failure_information>
<attribute id="flow rate">
200 liters/ mnute
</attribute>
<I-- the rate tag indicates the failure information for failure nodes
such as operating, demand, and standby. The ‘aleatory’ tag indicates
t he underlying stochastic nodel for the failure -->
<rate id="operating | denand | standby">
<al eatory>
Poi sson | Binom a
</ al eat ory>
<mean>
1E-2
</ mean>
<epi stem c>
<di stri bution>
Lognor nal
</distribution>
<paraneter id="error factor">
5
</ par anet er >
<correl at ed>
Yes | No
</ correl at ed>
</ epi stem c>
<! -- if the failure is noticed at the tine of the failure then the
‘reveal ed failure’ tag should indicate yes, otherwise no -->
<reveal ed failure>

Yes | No
</reveal ed_failure>
</rate>
</failure_information>
<! -- the ‘restoration’ section indicates whether or not a failure can

be recovered. The restoration ‘rate’ is the rate of repair -->
<restoration_information>
<spar es>
<mean></ mean>
<epi st em c></ epi st em c>
</ spares>
<rate>
<al eat ory></ al eat ory>
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TableB-1. The XML PRA schema definition and structure.

<nmean></ nean>
<epi st em c></ epi st em c>
</rate>
</restoration_information>
</ conmponent >
<systemid="System 1">
<title></title>
<t ext ></text>
<I-- this systemis defined |like a nornal fault tree where the failure
criteria indicates the nunber of ‘nodes’ needed to fail and a node
is define via the ‘structure’ tag -->
<structure id="Mi nSysteni>
<failure_criteria>
2
</failure criteria>
<structure>
Component _1
</structure>
<structure id="SubSystent >
<failure_criteria>
1
</failure_criteria>
<structure>
Component _2
</structure>
<structure>
Component _3
</structure>
</structure>
</structure>
<l-- cut set postprocessing are actions that are to take place on the
cut sets after they are generated. -->
<cut _set _post processi ng>
<search criteria>
Component _1
</search_criteria>
<repl ace>
Component _1
</repl ace>
<r epl acenent >
Component _4
</ repl acenent >
</ cut _set _post processi ng>

<cut _set _post processi ng>
<search criteria>

Component _2
</search_criteria>
<append>

Component _4
</ append>

</ cut _set _post processi ng>

</ systenp

<system i d="System 2" >
<title></title>
<t ext ></t ext >
<I-- this systemis defined by indicating the failure criteria based
upon a conponent attribute. For exanple, if a punping system
nom nal |y supplies 400 liters per minute through two 200 liters per
punp trains, and if 150 liters per mnute is needed, then two punp
trains would have to fail to fail the system In this case, the
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TableB-1. The XML PRA schema definition and structure.

failure criteria is 400 — 150 = 250 liters per minute. |In other words,
as soon as 250 liters per minute (or nore) of capacity is lost, then
the systemis failed. -->

<structure id="Mi nSysteni>
<failure_criteria>
250 liters per mnute
</failure_criteria>
<structure>
Component _1
</structure>
<structure>
Component _2
</structure>
</structure>
</ systenr
<I-- sequences are a series of events that start with an initiating
event and lead to an end state (i.e., outconme) -->
<sequence i d="Sequence_1">
<title></title>
<t ext ></ t ext >
<initiator id="Initiator_1">
<rate>
<al eat ory></ al eat ory>
<mean></ mean>
<epi st em ¢></ epi st em c>
</rate>
</initiator>
<structure id="First_Systeni>
<title></title>
<t ext ></t ext >

<fail ed>
Yes | No
</failed>

<systenp
System 1
</ systenp
</structure>
<structure id="Second_Systen >
<title></title>
<t ext ></ t ext >
<fail ed>
Yes | No
</failed>
<syst enp
System 2
</ systenr
</structure>
<end_state id="End_State_1">

<title>
End state nane
</[title>

<t ext ></text>
</ end_state>
<cut _set _post processi ng></ cut _set _post processi ng>
</ sequence>

</pra>
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C. Variability in Disutility Weight Determination.

Using our incident management decision makers, we ran an experiment to test utility
independence between two attributes (X, the strength of containment, and Y, core damage
probability). The outcome of this experiment was two utility curves, one for each attribute. In
order for attribute X to be utility independent of Y, we require the condition u({ x | y0, y1, y2,
...}) = u(x). Inother words, the disutility of X must be constant for specific values of outcomes
iny.

Attribute X was defined as having three scales for containment performance: (1) robust, (2)
moderate, and (3) weak. Attribute Y was defined as having one of two levels: unlikely (a
probability of 1E-7) or likely (a probability of 0.2). The disutility elicitation process used the
Analytic Hierarchy Process (AHP) for the pair-wise comparisons of preference on containment
performance and then deliberation for finalization of the disutility weights. The AHP-
deliberation step was repeated twice using our decision-makers, first under the assumption that
core damage was unlikely and second under the assumption that core damage was likely. As
part of this process, each of the four experts determined their individual disutility for
containment performance, then a group disutility was obtained through consensus. The results of
this experiment are listed in Table C-1.

Table C-1. Disutility valuesfor containment performance conditional upon unlikely or likely

core damage scenarios.

Containment Disutility given probability core Disutility given probability core

performance damage = 1E-7 damage=0.2
Robust 0 0
Moderate 0.38 0.26
Weak 1 1
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Notice that while the two disutilities are similar, they are not exactly the same. Indeed, it would
have extremely fortuitousiif the disutilities had been the same, considering that atwo step
process (AHP and deliberation) was used to determine the disutility. We postulate then that the
decision maker must consider the variability in the disutility in order to determine utility

independence.

We would like to consider the variability in the resulting disutility values, recalling that disutility
is determined via subjective preference dicitation. While this concept is similar to that of
epistemic uncertainty frequently encountered in decision analysis, variability, as used here, is
really a specia type of epistemic uncertainty. Since the disutility isameasure of preference, it is
independent of probability. In other words, it is not appropriate to model preference variability
by statements like “attribute X is absolutely more important than Y, with probability of 0.3.”
Note that in the decision-making framework, the impact of probabilities are felt in quantification
of metrics such as expected weighted disutility. But, while disutility is not a probability, it may
nonetheless display signs of variability due to the subjective nature of its development —

variability due to the modeling uncertainty rather than parametric uncertainty.

To estimate the variability of disutility, we need to first return to the AHP process to understand
how the disutility is determined. Asused in this paper, we ask the decision-makersto rank pair-

wise comparisons (between outcomes) on a 1-t0-9 scale, where the scale represents:

Two outcomes are equally important
One outcome is weakly more important than the other outcome
One outcome is strongly more important than the other outcome

One outcome is very strongly more important than the other outcome

© N O w -

One outcome is absolutely more important than the other outcome

The even numbered scales are used to facilitate a compromise between dlightly differing
preferences. We will utilize this aspect of AHP to postulate an appropriate level of variability in
the resulting disutility for containment performance. Specifically, we will assume that a decision
maker precision on identifying hisor her preference level isvalid only to the next integer scale
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(either high or lower, if applicable). For example, if the decision-maker indicates that a cost of
$50 million is strongly more important than $10 million, his or her belief isthat an AHP scale of
5isapplicable, but ascale of 4 or 6 could be possible. Further, we assume that jumps of two
integer scales (e.g., from 5to 7) are not redlistic. Of course, these assumptions on variability in
disutility are just those, assumptions, and have not been tested experimentally. But, for
situations of interest with respect to incident management, asking the decision maker to constrain
their subjective judgment locally to three scales out of nineis not unreasonable.

We revisited the original AHP weights provided to us by our decision makersto look at two
variations. First, an “upper variation” was performed where we modified the three AHP scales
up by avalue of one (since there are three containment performance scales, we will have three
pair-wise comparisons). We then recal culated the utility based upon the slight AHP scale
modification. Second, a“lower variation” was performed where we modified the three AHP
scales down by avalue of one. Again, we recalculated the utility based upon this second
modification. The results of these two calculations are shown in Figure C-1.

The maximum variation (from upper to lower sensitivity) in the disutility was about 38%. This
impliesthat if we can determine preference on an AHP scale to a+1 value, then the disutility
may vary by a noticeable amount. Further, during the utility independence experiment discussed
earlier, it was noticed that the containment performance disutility varied by a maximum of 31%
for different outcomes of the core damage attribute. This deviation iswithin the variation that

could be expected ssimply as a matter of performing the AHP process.
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Figure C-1. Disutility results for the AHP scale sensitivity calculations.

It isinteresting to note that for the “upper” sensitivity calculation, varying the decision-maker
preference weights upward by a single unit changed the curve from “risk prone’ to “risk neutral”
(at least on the ordinal scale). It issomewhat surprising that a slight modification can have such
an impact on adisutility curve, but this behavior may be due to the belief (by the decision-
makers) that nuclear power plant containment provides one of multiple formidable engineering
barriersto release. Consequently, the thinking might be that one may not need to “worry” (or
have larger disutility) as the containment is weakened since ultimately the plant islikely to

withstand accident events.

Lastly, we would like to note that AHP isintended for preference comparisons of itemsthat are
of relatively similar importance. For example, let us assume that we have two attributes, X and
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Y, and wish to determine their respective weights. If Y isabsolutely preferred over X, then we
would assign an AHP value of 9 for the Y-to-X comparison (and, conversely, a 1/9 value for the
X-to-Y comparison). Evaluating the eigenvector for the associated AHP matrix yields aweight
of about 0.9 for Y and 0.1 for X. Consequently, with only two attributes, the largest resulting
pair-wise comparison weights would be 0.9 and 0.1. If the decision maker intended that Y be
weighted 0.99 and X be weighted 0.01, then AHP (with the 1 to 9 scale) would not be of use (in
isolation of deliberation). Another numeric problem exists when the decision-maker is
effectively indifferent between two attributes. If attribute Y is dightly more preferred over X,
we could assign an AHP value of 2 for the Y -to-X comparison (and, conversely, a 1/2 value for
the X-to-Y comparison). But, the resulting weights that come from the AHP process arefor Y a
value of 2/3 and for X avalue of 1/3. Thus, even though the two attributes are amost equal in
the mind of the decision-maker, the AHP weights places Y twice asimportant as X, whichis
probably not what the decision-maker desires. In summary, if one utilizes AHP, care should be
exersized in determining the attribute weights due to numerical artifacts — artifacts that
ultimately place additional burden on the deliberation process.
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D. Source Listings for the Incident Management Prototype.

This appendix contains the PHP source code for Version 1 of the incident advisor prototype. We
list the code needed to determine the decision analysis context and the subsequent solution of the

decision model. Included in the source code listing are the following modules:

analyze incident.php
analyze incident_prototype.php
func_components.php
func_utility.php
get_resources.php

help.php

incident.php
module_decisions.php
module_do_decisions.php
module_do_simulation.php
module_edit_IE_impact.php
module_initiators.php
module_session_handler.php
module_state information.php
module_step 0.php
module_step _1.php
module_step 2.php
module_step 2 components.php
module_step 2 initiators.php
module_step_3 1.php
module_step 3 2.php
module_step_3 3.php
module_step 3 4.php

module step 3 edit.php
module_step 4 1.php

module step 5 1.php
module_step 5 2.php
module_variables.php

page footer.php
page_header.php
process_changes.php
utility_makeplot.php

utility _plot.php
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E. Source Code for Discrete Event Simulation of System
Performance.

Below is the simulation code for a 1-of-3 system, with a component failure rate of 2x10°/hr, a
mission time of 2400 hours. Two cases are modeled, the first without repair (no spares) and the
second is with the potential for repair. The code iswritten in Microsoft’s Visual Basic for
Applications (VBA) and was developed within the Excel 97 environment. Following the code

are numerical calculations comparing simulation against traditional static type logic models.

‘* Systemsimulation (c) 2002 Curtis L. Smith. Al rights reserved.

ml As Integer, J As Integer, K As Integer, L As Integer

m M As I nteger, NunberOf Trips As Integer

m Spares As |Integer, Current_Spares As Integer

mlterations As Integer, Time_Steps As Integer, NunPT As I|nteger
m Num Fail ed As Integer, Failure_Criteria As |nteger

minstall _time As Double, PT _Train As Double, |anbda As Doubl e
m Sys_Un As Doubl e, PT Unavailability As Doubl e

m PT_Pt _Unavailability As Double, E Trips As Doubl e

m failure_state As Bool ean, Use_Spares As Bool ean

mtenp_string As String

SlvlvivivlvivEvRURw)

Iterations 20000 ' Nunber of iterations
Ti me_St eps 2400 ' Check at one hour intervals
NunPT = 4 ' Total nunber of pressure transducers

ReDi m PT_fail ure(NunPT, Tine_Steps) As Bool ean
ReDi m Poi nt _PT(NunPT, Iterations) As Bool ean
ReDi m PT(NunPT, Iterations) As Double

ReDi m System( Ti ne_St eps) As Bool ean

ReDi m Sys_Unavail ability(lterations) As Double
ReDi m Shut down_Ti mes(lterations) As Integer
ReDi m Dead_Ti me( NunPT) As I nteger

' Shuffle the random nunber generat or
Randomi ze

" Initialize the time to install a spare
install _tinme = Range("B2"). Val ue

Initialize the failure rate for a pressure transducer
| anhda = Range("B3"). Val ue
" Initialize the systemfailure criteria for the system
Failure Criteria = Range("B4"). Val ue

1 --> No spares
2 --> Unlimted spares

(&
11l
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For J =1 To 2 ' Different boundary condition cases.
Random ze
For L =1 To Iterations
" Print out which iteration we are on..
Cells(11, 1) =1L
DoEvent s

If J =1 Then
Spares = 0
Use_Spares = Fal se
End |f
If J = 2 Then
Spares = 1000
Use_Spares = True
End |f
Current _Spares = Spares
" Initialize | oop variables
For K =1 To NunPT
Dead Tinme(K) = 0
Next
' At t=0, transducer #4 is inoperable (but can be fixed if
' another one fails)
Dead Tine(4) = Time_Steps + 1

For | =1 To Tine_Steps
Num Failed = 0
' Check each PT
For K =1 To NunPT
If | <= Dead Tinme(K) Then
' Check to see if we are in a dead tinme (under
spare, failed waiting for spare, etc.)
failure_state = True
El se
If Rnd() <= lanbda Then
failure_state = True
' Check to see if spares are allowed, and if
any are avail able..
If Use_Spares = True Then
If Current_Spares >= 1 Then
' A spare is available, so use it
Current _Spares = Current_Spares - 1
" Figure intime to install spare
Dead Tinme(K) =1 + install _tine
El se
' Fail the conmponent until the end of
m ssion since all spares are gone
Dead Tinme(K) = Time_Steps + 1
End |f
El se
' Fail conponent until end of m ssion
' since no spares to use.
Dead _Tinme(K) = Time_Steps + 1

End |f
El se

failure_state = Fal se
End If

366



End If

' Set the PT to either up (FALSE) or down (TRUE)
PT failure(K, 1) = failure_state
If failure_state = True Then
Num Failed = Num Failed + 1
End If
Next
' Deternmine if systemis failed (via failure criteria)
If NumFailed >= Failure_Criteria Then
System(l) = True
" If the systemjust failed, then plant is shut
down and all conponents fixed
If (System(l-1)=Fal se) And (Use_Spares=True) Then
For K =1 To NunPT

Dead Tinme(K) =1 + install _tine
Next
End If
End |f
Next | ' End tine step loop for L'th iteration

Now determ ne statistics
' Check each PT
For K =1 To NunPT
Point _PT(K, L) = PT failure(K, Tinme_Steps)
' Store the end point (for the pt. wi se calc)
PT Train = 0
For | =1 To Tine_Steps

If PT failure(K, 1) = True Then

PT Train = PT_Train + 1

End |f
PT failure(K, 1) = False ' Reset after counting
Next
PT(K, L) = PT_Train / Tinme_Steps
Next K
' Now determ ne system statistics
Sys_Un =0
NunmberOf Trips = 0
For | =1 To Tine_Steps

If Systen(l) = True Then
Sys_Un = Sys Un + 1
' Check to see if we are at the "end" of the
failure tine
If | < Tinme_Steps Then
If Systen{l + 1) = False Then
Nunber Of Tri ps = NunberOf Trips + 1
End If
El se
If Systen(l) = True Then
Nunmber Of Tri ps = NunberOf Trips + 1

End If
End If
End |f
System(l) = False ' Reset after counting variable

Next |
Sys_Unavailability(L) = Sys_Un / Time_Steps
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Next

Shut down_Ti mes(L) = NunberOf Tri ps
Next L ' End iteration |oop
" Now determ ne pressure transducer statistics
For K =1 To NunPT
PT Unavailability =0
PT_Pt _Unavailability =0
For L =1 To Iterations
PT _Unavailability = PT _Unavailability + PT(K, L)
If Point PT(K, L) = True Then
PT Pt _Unavailability = PT_Pt_Unavailability + 1
End If
Next
PT _Unavailability = PT _Unavailability / lterations
PT_Pt _Unavailability = PT_Pt_Unavailability / Iterations
" Print out info for the PT trains
Cells(4 + K, 3 + 1) PT_Unavailability
Cells(9 + K, 3 + 1) PT_Pt _Unavailability

Next
" Now determ ne system statistics
Sys_Un =0

NunmberOf Trips = 0

For L =1 To Iterations
Sys Un = Sys _Un + Sys Unavail ability(L)
Nunmber Of Tri ps = Nunber Of Tri ps + Shut down_Ti nmes(L)
' Reset after counting
Shut down_Ti mes(L) =0

Next

Sys Un = Sys Un / Iterations

E Trips = NunberOf Trips / Iterations

" Print out info for the system

Cells(15, 3 +J) = Sys_Un

" Print out expected nunmber of trip (shutdowns)

Cells(17, 3 +J) = E Trips
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We ran several test cases (for athree train system) to determine the expected unreliability of the system
over amission time of 2400 hours. For these calculations, we varied the component failure rate to see the
affect, if any, on the resulting system failure probability. Our results are shown in Figures E-1 through E-
3. Inthese plots, we show four curves. Thefirst curveislabeled “MCUB” and represents the minimal
cut set upperbound from a static fault tree analysis. One should notice that in every case, the MCUB isa
conservative calculation for the average unreliability. The second curve islabeled “exact” and represents
the analytic evaluation viaintegration. The third curveislabeled “simulation” and represents the
simulation approach described earlier in this Appendix. The fourth curveislabeled “DT simulation” and
represents an improved simulation technique where the delta time (hence the DT) is varied dightly as a
function of lambda. This variation in the delta time step allows us to reduce the cal culation time and, at
the same time, avoid numeric precision problems seen when the probability per time step becomes small.
Both smulation approaches match the exact calculation very well, but the “DT ssimulation” is closer to

the exact value in almost every case.
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Figure E-1. Simulation results for a 1-of-3 system as a function of the failure rate lambda
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Figure E-2. Simulation results for a 2-of-3 system as a function of the failure rate lambda
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Figure E-3. Simulation results for a 3-of-3 system as a function of the failure rate lambda
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